In quantum materials, doping plays a central role in determining the electronic ground state among competing phases such as charge order and superconductivity. In addition, the realspace distribution of dopants has been found to induce quenched disorder and lead to phase waves (CDWs), Mott states and superconductivity is the family of layered transition-metal dichalcogenides (TMDCs) [3] [4] [5] . Among them, 1T -TiSe 2 is a prototypical system hosting mixed CDW-superconducting phases under Cu intercalation, pressure or electrical gating 3, 5, 6 , the origin of which remains elusive due to the still-debated nature of the CDW 7 . Here, we combine angle-resolved photoemission spectroscopy (ARPES) and variable-temperature scanning tunnelling microscopy (VT-STM) to obtain complementary momentum and real-space insights into the CDW phase transition in 1T -TiSe 2 crystals natively doped by low concentrations of Ti intercalants. We report persistent nanoscale PS in an extended region of the phase diagram and demonstrate that it results from a combination of Coulomb frustration arising from a doping-driven topological Lifshitz transition and quenched lattice disorder.
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Our study highlights the intimate relationship between electronic PS and intrinsic impurities and reveals that this overlooked degree of freedom is the tuning knob of the spatially inhomogeneous electronic landscape hosting the superconducting state of 1T -TiSe 2 .
Spatially modulated electronic states are expected to be a key ingredient for the emergence of superconducting phases in quantum materials 6 . It is well established that intrinsic electronic PS at the nanometer scale can emerge from competing short-range and long-range interactions. This has been widely studied in the context of so-called Coulomb-frustration where the competition between the long-range Coulomb interaction and surface energy effects control the characteristic size of the phase-separated pattern 8 . Quenched disorder, such as impurity-induced lattice distortions and local charge inhomogeneities, can not only severely alter purely Coulomb-frustrated electronic configurations but also produce inhomogeneous patterns that make the understanding of emergent superconductivity in real systems extremely complex 9 .
In this context, the layered TMDC 1T -TiSe 2 is a prototypical material with a 2×2×2 commensurate CDW (CCDW) occuring at ∼200 K and superconductivity induced by pressure or Cudoping 3, 5 . It has been recently proposed that the emergence of superconductivity relates to a change in the nature of the CDW from CCDW to incommensurate (ICDW) 10, 11 , passing through a nearly-commensurate intermediate regime (NCCDW) constituted of CCDW domains separated by atomically sharp domain walls (discommensurations) 12, 13 . Similar NCCDW phases have been observed in 1T -TiSe 2 self-doped with Ti without any reported sign of superconductivity 14, 15 . In addition, intercalation of Ti dopants in the van der Waals (vdW) gap of the 1T -TiSe 2 structure (see Fig. 1a ) is known to occur depending on the crystal growth temperature 16 , and is found even in the best available crystals. As we will demonstrate, these considerations are central to understanding numerous phenomena as the debates surrounding the semimetallic or semiconducting character of the 1T -TiSe 2 normal state, the excitonic or Peierls-like origin of the phase transition 7 , as well as the chiral or achiral nature of the CDW state 17 .
In the 1×1×1 normal state, the 1T -TiSe 2 low-energy electronic states consist of a Se 4p hole pocket at Γ and Ti 3d electron pockets at the three equivalent L points of the three-dimensional Brillouin zone (BZ) (see Fig. 1b ). Figures 1c, d show room-temperature (RT) ARPES intensity maps as a function of Ti self-doping (from left to right) at theΓ andM points of the hexagonal surface BZ, respectively. Whereas the Ti 3d electron pocket is only thermally occupied above the Fermi level (E F ) for the pristine sample (Fig. 1d , left and Extended data Figure 1a ), we notice that 3 our first Ti doping of 0.75±0.1% already generates electron pockets at the Fermi surface (FS). The evolution of the hole and electron band extrema extracted from the momentum distribution curves (MDC) fitted as a function of doping further shows that the chemical potential is linearly raised up, i.e. that a rigid band model of electron doping applies (see Fig. 1e ).
The ARPES data of Fig. 1c probe the 1T -TiSe 2 electronic structure close to the A point of the BZ (see Methods). The k z dispersion calculated within density functional theory (DFT) along the ΓA direction of the BZ (Fig. 1f) reveals that whereas the hole band at A is occupied (with the top of the band at 67±2 meV of binding energy), its maximum at Γ lies at 110 meV above E F (see Fig. 1f ). Therefore, pristine 1T -TiSe 2 is a p-doped semimetal in the normal state as proposed by
Wilson and Di Salvo et al. 16, 18 , and a topological Lifshitz transition is expected upon doping x with the loss of the hole pocket from the FS (see Fig. 1g ). Overall, the normal-state ARPES study already demonstrates that the Ti intercalation induces a p-semimetal to n-semimetal normal state phase transition in a tiny range of very low defect concentrations.
At low T , the evolution of the 1T -TiSe 2 CDW phase upon Ti doping is shown in Figures 2a,   b . Near-E F dispersions calculated within an effective Hamiltonian model of four bands interacting through the CDW order parameter ∆ are also superimposed (see Methods). Focusing on the hole bands atΓ (Fig. 2a) , we first observe that they have shifted in a range of ∼50 meV towards higher binding energy. As the CDW q-vectors connect the Γ and L points of the BZ, large band renormalizations principally occur at these high symmetry points. The valence bands at A are only slightly affected through the CDW transition and mainly experience a T -induced chemical-4 potential shift arising from the effect of the Fermi-Dirac cutoff on the overlapping hole and electron bands with different effective band masses. The CDW melting with doping becomes evident atM (Fig. 2b) where it induces the suppression of the backfolded CDW band spectral weight and the closing of the CDW gap (see the black arrows on Fig. 2b) , which reflects the mean-field-like evolution of ∆ with the Ti concentration (Fig. 2c ). In summary, the excellent agreement between the ARPES data, the simulated near-E F dispersions atM and the unfolded DFT band structures at L calculated for magnitudes of the distortion corresponding to the ∆ reduction of Figure 2c (see arrows and Methods), highlights the structural face of the CDW instability and reflects the hardening of the 1T -TiSe 2 soft-phonon mode upon Ti-doping 20 . Given the coupling of the excess charge density (∝ ∆µ in a rigid-band model) with the square of ∆ (see Fig. 2c Fig. 1a ), above and below T c =153±6 K as obtained using ARPES. Whereas at T =111 K, the CDW is fully present (see Fig. 3b ), interestingly, we see on Ti-intercalation induces localized 3d impurity states close to E F responsible for the formation of Ti-Ti-Ti covalent centers and strong local distortions of the energetically favorable TiSe 6 octahedra concerned with the Ti-Se bond shortening across the PLD 15 . The induced charge inhomogeneities behave as temperature fluctuations and easily lead to a spatially inhomogeneous phase for a relatively small change in charge density in a system with a high dielectric constant such as 1T -TiSe 2 28 . Therefore, as recently observed in the high-T c superconductor HgBa 2 CuO 4+y 2 , the Ti-induced quenched disorder appears different from an uncorrelated random distribution and can be expected to enhance rare-region effects close to both the classical and quantum critical points 29 .
On the other hand, the CDW domains have droplike morphologies on the scale of tens of nanometers with sharp boundaries indicating strong surface energies, which is consistent with a Coulomb-controlled mechanism of PS 8 . We propose that both the Coulomb interaction and way that, at T = T c , it matches the electron-and hole-bands crossing (see Fig. 4b and Extended data figure 2a). As a result, our observations show that one should consider a combined imperfect nesting and k-dependent electron-phonon coupling mechanism of the CDW for pristine 1T -TiSe 2 30 , and that the nanoscale PS mechanism of the doping-driven and thermal phase transitions relate to changes in the FS topology, i.e. Lifshitz transitions (see FS sketches on Fig. 4a ).
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Our work sheds light on intrinsic impurities as a previously overlooked degree of freedom for the understanding of the emergence of complex spatial landscapes leading to superconductivity in 1T -TiSe 2 upon Cu intercalation or pressure. In particular, it calls for considering an additional selfdoping axis in the associated phase diagrams 10, 11 . More generally, our study extends the universal aspect of the nanoscale PS to the emerging class of TMDC materials, by demonstrating the complex interplay between Coulomb-frustration and quenched disorder induced by low-concentrations of native impurities and leading to spatially textured electronic phases. 
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Methods
Sample growth and preparation The 1T -TiSe 2 single crystals were grown at 590
770
• C , 860
• C and 900
• C by iodine vapor transport, therefore containing increasing concentrations of Ti doping atoms 16 . The Ti concentrations are <0.2 % , 0.75±0.1 % , 1.21±0.14 % , 1.98±0.15 % and 2.57±0.22 %, respectively, as determined by STM 15, 17 .
LT and VT-STM measurements The low-temperature (4.5 K), respectively, variable-temperature constant current STM images were recorded using an Omicron LT-STM and VT-STM with bias
voltage V bias applied to the sample, after cleaving in-situ below 10 −7 mbar at room temperature.
The base pressure during experiments was better than 5×10 −11 mbar. The T -evolution of the 2×2/1×1 FFT peak ratios has been obtained by performing Lorentzian fits of the FFT profiles crossing both the CDW and the normal phase peaks and averaged over the three q-directions.
ARPES experiments
The temperature-dependent ARPES measurements were carried out using a Scienta DA30 photoelectron analyzer with He-I radiation as excitation source (hν=21.22 eV, SPECS UVLS with TMM 304 monochromator). In a free-electron final-state picture He-I ARPES mainly probes the 1T -TiSe 2 initial states close to the A − L high-symmetry line of the BZ (see Fig. 1b) . We use the surface BZ notation,Γ andM for discussing the ARPES spectra of the hole, respectively electron bands. The total energy resolution was 12 meV and the sample temperatures were deduced from fits of the Fermi edge spectra recorded on the copper sample holder, previously scraped under vacuum.
DFT calculations The DFT-calculated unfolded band structure of the 2×2×2 CDW phase has been performed within the the WIEN2K package 31 , using the modified Becke-Johnson (mBJ) exchange potential in combination with local density approximation (LDA) correlation 32, 33 , and including spin-orbit coupling. The parameter c in mBJ was fixed for all calculations at 1.34, value determined to give the best agreement with the measured normal-state band structure of the pristine 1T -TiSe 2 and a minimum of the total energy for atomic displacements corresponding to the PLD as proposed by Di Salvo 16 . The system was modeled using a 2×2×2 superstructure of 8 unit cells of TiSe 2 with lattice parameters set to a = b = 3.54Å and c = 6.01Å 16 . The calculated band structures were unfolded using the FOLD2BLOCH package 34 .
Band simulations
The model from which the near-E F dispersions describing ARPES of selfdoped 1T -TiSe 2 have been computed includes three dimensional and anisotropic electronic bands, which are obtained by fitting the ARPES dispersions at room temperature and considering DFT band structure calculations along k z . It has been shown that the electronic structure of 1T -TiSe 2 in the CDW phase can be well described by a Hamiltonian that has the following matrix form 35 ,
where the CDW order parameter ∆ describes the coupling strength between a single valence band ε v ( k) at Γ and the three symmetry equivalent conduction bands ε c,i ( k) (i = 1, 2, 3) at the three L points. The band dispersions for the normal state have been chosen of the form
which describe well the bands near their extrema as they are measured in ARPES experiment. The unit vectors e i and e i⊥ , pointing along the long and short axis of the ellipses, respectively, form a local in-plane basis for the electron pockets at the different L points. Thus, e i = w i /||w i || and 
Therefore, in a photoemission experiment, we can extract the order parameter ∆ from the shift of the backfolded valence band, ∆E backf corrected by the T -induced chemical potential shift ∆µ T using,
with FS nesting conditions as depicted on the left hand-side top corner of a.
